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Clinical PerspectiveWhat Is New?A significant proportion of patients with repaired tetralogy of Fallot have electromechanical dyssynchrony, which may substantially impact right ventricular function and exercise capacity more than the severity of pulmonary regurgitation.What Are the Clinical Implications?Many patients with tetralogy of Fallot repair and right ventricular dysfunction may benefit from cardiac resynchronization therapy.Addressing right ventricular electromechanical dyssynchrony may become a central therapeutic goal in repaired tetralogy of Fallot, in addition to, or independently of, pulmonary valve replacement.

Introduction {#jah33766-sec-0008}
============

Surgically repaired tetralogy of Fallot (rTOF) is the most prevalent cyanotic congenital heart disease. Although surgery in infancy has led to improved life expectancy and quality of life, residual lesions that result from surgical repair are common. These impact right ventricular (RV) size and function and affect symptoms, exercise capacity, and long‐term outcomes.[1](#jah33766-bib-0001){ref-type="ref"}, [2](#jah33766-bib-0002){ref-type="ref"}, [3](#jah33766-bib-0003){ref-type="ref"}, [4](#jah33766-bib-0004){ref-type="ref"}

There are multiple, often coexisting, reasons for progressive RV dysfunction in rTOF.[3](#jah33766-bib-0003){ref-type="ref"} Among these, long‐term volume loading resulting from chronic pulmonary regurgitation (PR) is thought to cause progressive RV dilation and dysfunction.[2](#jah33766-bib-0002){ref-type="ref"}, [5](#jah33766-bib-0005){ref-type="ref"}, [6](#jah33766-bib-0006){ref-type="ref"} Consequently, several studies and guideline documents recommend replacing the pulmonary valve in patients with symptoms or in severely dilated RVs before development of irreversible RV remodeling.[7](#jah33766-bib-0007){ref-type="ref"} The current indications and timing for pulmonary valve replacement (PVR) remain controversial and continue to be actively debated. Current practice in many centers includes replacing the pulmonary valve in asymptomatic patients, when the RV is enlarged beyond an end‐diastolic volume of 150 to 170 mL/m^2^ or an end‐systolic volume of \>90 mL/m^2^.[7](#jah33766-bib-0007){ref-type="ref"} Although PVR leads to decreased RV volumes and subjective improvement in many patients, there is no conclusive evidence to show that it improves key clinical outcomes, such as exercise capacity, RV systolic function, and mortality.[8](#jah33766-bib-0008){ref-type="ref"}, [9](#jah33766-bib-0009){ref-type="ref"} Therefore, other factors may be important contributors to the progressive RV dysfunction commonly observed in this population.

Among the possible other causative factors for RV dysfunction, electromechanical abnormalities have been shown to be important.[10](#jah33766-bib-0010){ref-type="ref"}, [11](#jah33766-bib-0011){ref-type="ref"} After surgical rTOF, \>90% of patients develop right bundle branch block (RBBB), and a prolonged QRS duration has been recognized as a major risk factor for ventricular arrhythmia and mortality.[11](#jah33766-bib-0011){ref-type="ref"} We described that RBBB‐induced electromechanical dyssynchrony is associated with RV dysfunction.[12](#jah33766-bib-0012){ref-type="ref"} Accordingly, resynchronizing the dysfunctional RV could improve its hemodynamics, work, and efficiency.[13](#jah33766-bib-0013){ref-type="ref"} However, the relative contribution of electromechanical dyssynchrony versus PR on RV function and exercise capacity is currently unknown. This knowledge gap is highly relevant because it is likely to influence patient management in terms of deciding between PVR and cardiac resynchronization therapy. Resynchronization of the dysfunctional subpulmonary RV in rTOF is not yet routine therapy, but may be helpful in a portion of patients in whom RV electromechanical dyssynchrony underlies RV dysfunction and reduced exercise capacity.[14](#jah33766-bib-0014){ref-type="ref"}, [15](#jah33766-bib-0015){ref-type="ref"} Consequently, the aim of this study was to investigate the relative influence of PR versus electromechanical dyssynchrony on RV function and exercise capacity in rTOF. We hypothesized that electromechanical dyssynchrony is more strongly associated with RV dysfunction and exercise intolerance than PR.

Methods {#jah33766-sec-0009}
=======

Study Design {#jah33766-sec-0010}
------------

The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. To address the above research question, we used a dual approach using statistical analysis of patient data followed by computer modeling. We performed a clinically based, retrospective, cross‐sectional statistical analysis of 81 children who had undergone surgical rTOF in early childhood to explore how QRS duration and PR are related to exercise capacity and RV function. We then performed virtual patient simulations covering a wide spectrum of disease severity to generate hypotheses about the relative mechanistic effect of RV dyssynchrony versus PR on exercise capacity and RV systolic function under tightly controlled and standardized circumstances. For this step, we used the CircAdapt model of the human heart and circulation, which has been shown to contribute to physiological understanding of both RV function and electromechanical dyssynchrony.[16](#jah33766-bib-0016){ref-type="ref"}, [17](#jah33766-bib-0017){ref-type="ref"}, [18](#jah33766-bib-0018){ref-type="ref"}

Study Population for the Clinical Analysis {#jah33766-sec-0011}
------------------------------------------

We performed a retrospective cross‐sectional analysis of data from patients whose data were collected between January 2007 and December 2014. The study was approved by the institutional research ethics board of the Hospital for Sick Children (Toronto, Ontario, Canada). Patients provided informed consent. A departmental database was used to screen for eligible patients (aged \<18 years) after rTOF who had cardiac magnetic resonance (CMR) imaging. Patients who had a primary diagnosis of an atrioventricular septal defect with TOF or with more than minor (potentially hemodynamically significant) residual intracardiac shunts were excluded. Furthermore, to obtain a relatively homogeneous cohort in terms of volume loading as the predominant lesion, we excluded patients with moderate or severe RV outflow tract obstruction, defined as a Doppler‐echocardiography outflow gradient \>40 mm Hg,[19](#jah33766-bib-0019){ref-type="ref"} within 6 months of CMR. Likewise, to avoid the major confounder of pacing‐induced dyssynchrony, patients with active pacemakers were excluded. Because patients with rTOF/absent pulmonary valve face the same clinical issues, and the influence of PR versus RBBB‐dyssynchrony is relevant to this population, we included these patients in the analysis.

Cardiac Magnetic Resonance {#jah33766-sec-0012}
--------------------------

CMR was used to quantify RV volumes, RV ejection fraction (RVEF), and PR. CMR was performed on a 1.5‐Tesla scanner ("Avanto"; Siemens Medical Systems, Erlangen, Germany). The clinical protocol included short‐axis cine imaging for quantification of biventricular volumes and ejection fractions, as well as main pulmonary artery phase contrast flow velocity mapping for estimation of the PR volume and fraction. Ventricular volumes, mass, and flow quantification were performed using commercially available software (QMass Version 7.6 and QFlow Version 5.6; Medis Medical Imaging Systems, Leiden, the Netherlands).

Clinical Parameters {#jah33766-sec-0013}
-------------------

Demographic and clinical data were collected from the medical record. Patients had cardiopulmonary exercise testing and a 12‐lead body surface ECG within 6 months of CMR. Cardiopulmonary exercise testing was performed using a modified Bruce protocol. Peak oxygen consumption (VO~2~) and the percentage of predicted peak VO~2~ were recorded. The duration of the QRS complex was considered to be the continuous electrocardiographic parameter reflecting RV electromechanical dyssynchrony because all patients had an RBBB configuration on the ECG.

Outcomes {#jah33766-sec-0014}
--------

The outcome variables were peak VO~2~, which we also expressed as percentage of predicted VO~2~ (as commonly done in clinical practice), and RVEF, evaluated by CMR, as a measure of RV global systolic function. VO~2~ was normalized according to published data.[20](#jah33766-bib-0020){ref-type="ref"} We also analyzed the relationship of PR and RBBB to RV end‐systolic and end‐diastolic volumes indexed to body surface area as parameters of RV remodeling.

Independent Variables {#jah33766-sec-0015}
---------------------

QRS duration and PR fraction were the 2 independent variables of interest. Age, sex, body surface area, and heart rate (HR) were considered as covariates.

Statistical Analyses {#jah33766-sec-0016}
--------------------

### Descriptive analysis {#jah33766-sec-0017}

Continuous variables were summarized in terms of median and interquartile range; dichotomous variables were summarized by frequencies and proportions. We also assessed correlations between QRS duration, PR fraction, and the outcome variables of interest using Spearman\'s correlation. The 95% CIs of correlation coefficients were constructed using Fisher\'s z‐transformation.

### Multivariable regression analysis {#jah33766-sec-0018}

The association between QRS duration, PR fraction, and peak VO~2~ was modeled using multivariable linear regression. The nonlinear association between an outcome variable and QRS duration and PR fraction was quantified using restricted cubic splines. The models included interactions between QRS duration and PR fraction, but these were restricted to linear‐linear and linear‐nonlinear interactions because of the limited sample size. Two regression models (namely, unadjusted and covariate‐adjusted models) were used to examine the associations. The unadjusted models included only the independent variables of interest (QRS duration and PR fraction), whereas the adjusted model further included the aforementioned clinical covariates.

The proportion of missing values in all variables considered in the study varied between 1% and 20%. After the recommendation by Harrell,[21](#jah33766-bib-0021){ref-type="ref"} 20 imputed data sets were constructed using a flexible additive regression spline model. Missing values in continuous variables were then imputed using predictive mean matching.[21](#jah33766-bib-0021){ref-type="ref"} The final regression models were obtained by applying Rubin\'s rules to combine the regression results across multiply imputed data sets. Diagnostic assessment of the final model was performed by inspecting residual plots.

We used heat maps to summarize predicted outcomes with respect to the independent variables of interest using both unadjusted and adjusted models. The estimated regression equations for the heat maps are included in the Appendix. Furthermore, the association was also adjusted for age, sex, body surface area, and HR. The association plots were created with average values for continuous covariates and for male sex. All analyses were conducted using R v3.4.1 with the rms package.

Virtual Patient Simulations {#jah33766-sec-0019}
---------------------------

### Reference rTOF simulation {#jah33766-sec-0020}

The CircAdapt model is a closed‐loop cardiovascular system model featuring contractile atria and ventricles, and lumped representations of the systemic and pulmonary circulations, separated by the 4 cardiac valves.[22](#jah33766-bib-0022){ref-type="ref"}, [23](#jah33766-bib-0023){ref-type="ref"}, [24](#jah33766-bib-0024){ref-type="ref"} Structural adaptation to changes in hemodynamic loading can be simulated by varying the structure of the cardiovascular system (ie, mass, size, and passive stiffness of cardiac and vascular walls) through physiological adaptation rules.[25](#jah33766-bib-0025){ref-type="ref"} For this study, resting conditions were taken to be a cardiac output (CO) of 5.4 L/min with an HR of 76 beats per minute, being the average values measured in the patient cohort with rTOF. The CO of 5.4 L/min is the effective systemic blood flow, which equals the output of the left ventricle, because the aortic and mitral valves are assumed to be competent. Mean arterial pressure was allowed to stabilize at 92 mm Hg through changes in systemic vascular resistance and circulating blood volume in all simulations. Two reference simulations were used in this study, one with healthy RV myocardium (the default CircAdapt model) and one with right atrial (RA) and RV myocardial dysfunction. The latter was created by reducing the RV and RA myocardial contractility to 50% of the healthy value, so that RVEF was in the range measured in the patient cohort with rTOF (44%--52%, Table [1](#jah33766-tbl-0001){ref-type="table"}), given a simulated PR fraction of 40% (ie, the median value of the patient cohort, Table [1](#jah33766-tbl-0001){ref-type="table"}). RA dysfunction was induced because the RA has been shown to be dysfunctional in association with RV dysfunction in rTOF.[26](#jah33766-bib-0026){ref-type="ref"}, [27](#jah33766-bib-0027){ref-type="ref"} Varying combinations of both PR and RV electromechanical dyssynchrony were then imposed on these 2 reference simulations, as described below, yielding 2 sets of 100 rTOF simulations. For each simulation, RVEF was quantified as the change in RV volume during systole divided by end‐diastolic volume, as in the patients.

###### 

Clinical Characteristics of the Patient Cohort

  Clinical Characteristic               N    Value[\*](#jah33766-note-0003){ref-type="fn"}
  ------------------------------------- ---- -----------------------------------------------
  Age, y                                81   14.48 (11.55--15.91)
  Sex                                   81   
  Female                                     34 (42)
  Male                                       47 (58)
  Height, cm                            76   155.0 (143.4--166.0)
  Weight, kg                            76   47.0 (34.8--66.0)
  Body surface area, m^2^               79   1.46 (1.19--1.69)
  Heart rate at CMR, bpm                80   76 (68--85)
  QRS duration, ms                      72   144 (123--152)
  Pulmonary regurgitation fraction, %   76   40 (29--48)
  Time between repair and CMR, y        75   13.0 (10.6--15.1)

bpm indicates beats per minute; CMR, cardiac magnetic resonance.\*Values are given as median (interquartile range) or number (percentage).

### Simulating PR {#jah33766-sec-0021}

CircAdapt treats flow across the valve as being unsteady and nonviscous with a nonlinear flow profile. The Bernoulli equation is used to relate flow velocity and valve area to pressure decrease across the valve, with inertial effects on acceleration and deceleration attributable to blood mass included. In the standard CircAdapt model, the pulmonary valve begins to close once pulmonary arterial pressure exceeds RV pressure, with the valve\'s effective regurgitant orifice area being 0 cm^2^ when the valve is closed, preventing backward flow. Valvular regurgitation can be simulated in the CircAdapt model by setting the effective regurgitant orifice area to be nonzero, mimicking a hole in the valve through which retrograde flow can occur when pulmonary arterial pressure exceeds RV pressure (Figure [S1](#jah33766-sup-0001){ref-type="supplementary-material"}). Retrograde flow uses the same equations as forward flow. Computational details are provided in the Appendix. In this study, the effective opening area of the pulmonary valve was 4.7 cm^2^. We used 10 effective regurgitant orifice areas ranging from 0 cm^2^ (no PR) up to 2.25 cm^2^ (severe PR) in steps of 0.25 cm^2^.

### Simulating electromechanical dyssynchrony {#jah33766-sec-0022}

Electromechanical dyssynchrony was introduced into the RV of the CircAdapt model by dividing the RV free wall into 5 equally sized segments that can mechanically interact both with one another and with the left ventricular (LV) free wall and septum.[24](#jah33766-bib-0024){ref-type="ref"} This method has previously been shown to produce realistic simulations of the dyssynchronously activated heart for both LV and RV stresses and strains as well as system‐level hemodynamics.[17](#jah33766-bib-0017){ref-type="ref"}, [28](#jah33766-bib-0028){ref-type="ref"} Dispersion in onset of contraction (ie, sarcomeric force generation) within these RV free wall segments was introduced to simulate varying degrees of RBBB by delaying their activation relative to the LV free wall and septum. One RV segment was activated simultaneously with the LV, and the remaining 4 RV segments were activated at 25%, 50%, 75%, and 100% of the maximum delay in the RV free wall (Figure [S2](#jah33766-sup-0001){ref-type="supplementary-material"}). Nine different maximum delays were used to simulate varying severities of RBBB, ranging from synchronous contraction (no RV delay) to severe contractile dyssynchrony (180‐ms delay in the latest activated RV segment), in steps of 20 ms.

#### Modeling exercise capacity {#jah33766-sec-0023}

Exercise can be simulated in CircAdapt by simultaneously increasing HR and CO. Exercise levels are achieved while increasing the circulating blood volume in the cardiovascular system, with mean arterial pressure maintained at 92 mm Hg through changes in systemic vascular resistance (Data [S1](#jah33766-sup-0001){ref-type="supplementary-material"}). We hypothesized that increased central venous pressure (ie, mean vena cava pressure) is a limiting factor for the cardiovascular system\'s ability to perform exercise. To quantify exercise capacity and allow comparison between simulations, we assumed that it is impossible to perform exercise when mean pressure in the vena cava exceeds 25 mm Hg. This threshold was chosen because it is significantly in excess of the 15--mm Hg RA pressure reported by Stickland et al at near‐peak exercise.[29](#jah33766-bib-0029){ref-type="ref"} Sensitivity of results was tested against other pressure thresholds. For each of the virtual rTOF patient simulations described above, CO and HR were gradually increased from rest until the predefined threshold pressure was reached, with exercise capacity defined to be this threshold‐reaching CO (CO~max‐exc~). We used a fixed HR‐CO relationship from the literature to determine the HR for a given CO (Figure [S3](#jah33766-sup-0001){ref-type="supplementary-material"}).

Results {#jah33766-sec-0024}
=======

Clinical Cohort {#jah33766-sec-0025}
---------------

Eighty‐one patients with rTOF at a median (interquartile range) age of 14.48 (11.55--15.91) years were analyzed. The average age at time of repair was 0.95±0.78 years. Their clinical characteristics are shown in Table [1](#jah33766-tbl-0001){ref-type="table"}. All patients had prolonged QRS in an RBBB pattern and moderate PR (Table [1](#jah33766-tbl-0001){ref-type="table"}). The median time between cardiopulmonary exercise testing and CMR was 1.9 months. ECG and CMR were done on the same day in most patients.

The outcome variables of interest are presented in Table [2](#jah33766-tbl-0002){ref-type="table"}. Patients with rTOF had overall mildly to moderately reduced exercise capacity and mildly reduced RVEF.

###### 

Outcome Variables Summarized as Medians and IQRs

  Clinical Characteristics        N    Median (IQR)
  ------------------------------- ---- -------------------
  Peak VO~2~, mL/min per m^2^     65   35.0 (29.0--41.8)
  Predicted peak VO~2~, %         65   79 (68--92)
  RV ejection fraction, %         80   48 (44--52)
  Cardiac index, L/min per m^2^   79   3.67 (3.28--4.22)

IQR indicates interquartile range; RV, right ventricle; VO~2~, oxygen consumption.

Association Between QRS Duration and PR on Exercise Capacity {#jah33766-sec-0026}
------------------------------------------------------------

Figure [1](#jah33766-fig-0001){ref-type="fig"} shows the predicted peak VO~2~ without and with covariate adjustment in this patient cohort. In both heat maps, especially in that unadjusted for covariates, the association of prolonged QRS duration with predicted peak VO~2~ appeared to be stronger than that of PR severity. That is, moving from left to right on the heat map (increasing QRS duration) is, on average, associated with a lower peak VO~2~; however, moving from bottom to top on the heat map (increasing PR fraction) is not substantially associated with peak VO~2~. Nonetheless, other factors likely impact exercise capacity because the heat maps also show a wide distribution of, for example, a VO~2~ of 40 mL/kg per minute. This distribution is likely also impacted by the relatively few patients available for analysis.

![Predicted exercise capacity as function of right ventricular (RV) dyssynchrony and pulmonary regurgitation (PR) in the clinical patient cohort with tetralogy of Fallot repair. Exercise capacity is represented by peak oxygen consumption (VO~2~) (Panel **A**), whereas QRS duration is taken as a surrogate of RV dyssynchrony. Predicted peak VO ~2~ values (Panel **B**) are presented without (left panel) as well as with (right panel) adjustment for covariates.](JAH3-8-e010903-g001){#jah33766-fig-0001}

Figure [2](#jah33766-fig-0002){ref-type="fig"} shows the statistically predicted RVEF with QRS duration and PR with and without covariate adjustment. The patterns with and without covariate adjustment were similar. As described above for peak VO~2~, in both heat maps the association of progressively increasing QRS duration on RVEF is stronger than that of PR severity in both heat maps. That is, moving from left to right on the heat map (increasing QRS duration) is associated with a lower RVEF; however, moving from bottom to top on the heat map (increasing PR fraction) does not substantially impact RVEF.

![Predicted resting right ventricular (RV) systolic function as function of RV dyssynchrony and pulmonary regurgitation (PR) in the clinical patient cohort with tetralogy of Fallot repair. RV systolic function is represented by RV ejection fraction (RVEF), whereas QRS duration is taken as a surrogate of RV dyssynchrony. Predicted resting RVEF values are presented without (left panel) as well as with (right panel) adjustment for covariates.](JAH3-8-e010903-g002){#jah33766-fig-0002}

Pairwise Correlation Analyses {#jah33766-sec-0027}
-----------------------------

Figure [3](#jah33766-fig-0003){ref-type="fig"} shows the pairwise correlations between QRS duration, PR fraction, and the outcome variables of interest. There was a moderate negative correlation between QRS duration and RVEF such that a longer QRS duration was associated with a lower RVEF (r=−0.56, *P*\<0.001). There was no significant pairwise correlation between QRS duration and peak VO~2~ (r=−0.19, r=0.135). PR fraction did not correlate at all with RVEF or peak VO~2~ (*P*\>0.5).

![Univariable correlations of the outcome parameters in the clinical cohort. Circles and edges represented variables and pairwise Spearman\'s correlation, respectively. Red circles represent independent variables (ie, pulmonary regurgitation and QRS duration); blue circles represent the outcome variables. Orange edges show a positive correlation between 2 variables; green edges show a negative one. The thicker an edge is, the stronger the correlation is. RVEF indicates right ventricular ejection fraction; VO ~2~, oxygen consumption. PRF indicates pulmonary regurgitant fraction.](JAH3-8-e010903-g003){#jah33766-fig-0003}

Virtual Patient Simulation Study {#jah33766-sec-0028}
--------------------------------

### Effect on CO as a measure of exercise capacity {#jah33766-sec-0029}

Figure [4](#jah33766-fig-0004){ref-type="fig"} enables direct comparison of the simulated effects of PR versus RV dyssynchrony on exercise capacity in the virtual patient cohorts with rTOF with normal and decreased myocardial contractility (Figure [4](#jah33766-fig-0004){ref-type="fig"}A and [4](#jah33766-fig-0004){ref-type="fig"}B, respectively). The upper half of this figure illustrates how central venous pressure increases with CO during exercise in 4 representative virtual patients (ie, 1 without both PR and RV dyssynchrony \[gray line\], 1 with RV dyssynchrony alone \[red line\], 1 with PR alone \[blue line\], and 1 with both PR and RV dyssynchrony \[purple line\]). The lower half of the figure presents continuous heat maps of exercise capacity (CO~max‐exc~) as a function of RV dyssynchrony and PR, with the 4 representative virtual patients marked by circles. In general, these data suggest that RV dyssynchrony exerts a stronger limiting effect on exercise capacity than PR, regardless of myocardial contractile function. RV dyssynchrony alone (red line) was associated with a leftward shift of the central venous pressure--CO curve, with central venous pressure reaching the exercise‐limiting threshold value at 30% lower CO than the virtual patient without PR and RV dyssynchrony and normal contractility (Figure [4](#jah33766-fig-0004){ref-type="fig"}A). Conversely, PR alone (blue line) had less effect on exercise capacity, with CO~max‐exc~ being only 5% lower that the virtual patient without PR and RV dyssynchrony and normal contractility. The limiting effect of PR and RV dyssynchrony on exercise capacity was additive, with CO~max‐exc~ being decreased by 36% in the virtual patient with both right heart pathological conditions, but normal contractility. RV contractile dysfunction had a profound exercise‐limiting effect because the 50% right heart decrease in contractility lowered CO~max‐exc~ by 25% in the absence of PR and RV dyssynchrony (gray lines in Figure [4](#jah33766-fig-0004){ref-type="fig"}A versus Figure [4](#jah33766-fig-0004){ref-type="fig"}B). In the virtual patients with contractile dysfunction (Figure [4](#jah33766-fig-0004){ref-type="fig"}B), the relative effects on exercise capacity of RV dyssynchrony alone (27% decrease of CO~max‐exc~), PR alone (12% decrease of CO~max‐exc~), and both pathological conditions combined (36% decrease of CO~max‐exc~) were similar to those observed in the virtual patients with normal contractility. Different central venous pressure thresholds produced quantitatively similar relationships between exercise capacity, PR, and RBBB, demonstrating that the relationship is insensitive to the choice of threshold (Figures [S4](#jah33766-sup-0001){ref-type="supplementary-material"} and [S5](#jah33766-sup-0001){ref-type="supplementary-material"}).

![Exercise capacity as function of right ventricular (RV) dyssynchrony and pulmonary regurgitation (PR) in the virtual patient cohorts with tetralogy of Fallot repair (rTOF) and normal (**A**) and decreased (**B**) contractile function of the RV and right atrial (RA) myocardium. The upper panels show how central venous pressure (CVP) increases with CO during exercise in 4 representative virtual patients with rTOF. Those virtual patients are marked by circles in the heat plots showing continuous effects of RV dyssynchrony and PR on exercise capacity. Simulated exercise capacity is defined as the virtual patient\'s cardiac output (CO ~max‐exc~) associated with the exercise‐limiting CVP threshold. In general, RV dyssynchrony and contractile dysfunction are more limiting for exercise capacity than PR.](JAH3-8-e010903-g004){#jah33766-fig-0004}

### Effect on RV Global Systolic Function and Remodeling {#jah33766-sec-0030}

The effects of PR versus RV dyssynchrony on RV volumes and global systolic function (ie, RVEF) are shown in Figure [5](#jah33766-fig-0005){ref-type="fig"}.

![Resting right ventricular (RV) systolic function (**A** and **B**) and end‐diastolic (**C** and **D**) and end‐systolic (**E** and **F**) volumes as a function of RV dyssynchrony and pulmonary regurgitation (PR) in the virtual patient cohorts with tetralogy of Fallot repair and normal (**A**,**C**, and **E**) and decreased (**B**,**D**, and **F**) contractile function of the RV and right atrial (RA) myocardium. Simulated RV systolic function is represented by the virtual patient\'s RV ejection fraction (RVEF). RVEF decreased with increasing RV dyssynchrony, but increased with PR severity, regardless of myocardial contractile function (**A** and **B**). PR and RV delay causes a similar increase in RV end‐diastolic volume (RVEDV; **C** and **D**), whereas RV end‐systolic volume (RVESV) increased more strongly with RV activation delay than with PR (**E** and **F**).](JAH3-8-e010903-g005){#jah33766-fig-0005}

RVEF decreased with increasing RV dyssynchrony, but increased with PR severity, regardless of myocardial contractile function (Figure [5](#jah33766-fig-0005){ref-type="fig"}A and [5](#jah33766-fig-0005){ref-type="fig"}B). An RV activation delay of 120 ms alone reduced RVEF from 63% to 54% in the virtual patients with normal contractility and from 53% to 42% in those with RV and RA contractile dysfunction. In contrast, PR alone increased RVEF to supranormal or normal values in the virtual patients with normal and decreased contractility, respectively (Figure [5](#jah33766-fig-0005){ref-type="fig"}A and [5](#jah33766-fig-0005){ref-type="fig"}B).

PR and RV delay cause a similar increase in RV end‐diastolic volume (Figure [5](#jah33766-fig-0005){ref-type="fig"}C and [5](#jah33766-fig-0005){ref-type="fig"}D), whereas RV end‐systolic volume increased more strongly with RV activation delay than with PR (Figure [5](#jah33766-fig-0005){ref-type="fig"}E and [5](#jah33766-fig-0005){ref-type="fig"}F). The latter is most likely because of the fact that RV dyssynchrony impairs RV systolic function, whereas PR does so less.

### Relation of hemodynamics with PR or RBBB to exercise level {#jah33766-sec-0031}

Figure [6](#jah33766-fig-0006){ref-type="fig"} illustrates how PR fraction and RV dp/dt (change in pressure over time) maximum change (dp/dt~max~) with increasing exercise intensity in the same sample of 4 representative virtual patients. Figure [6](#jah33766-fig-0006){ref-type="fig"}A (top) shows that, with normal contractility, the PR fraction decreases as the exercise level increases in the virtual patient with PR only (blue line). The additional presence of RV dyssynchrony (purple line) does not significantly affect this reduction. Figure [6](#jah33766-fig-0006){ref-type="fig"}A (bottom) shows that the increase in RV dp/dt~max~ during exercise is similar in the PR‐only case (blue line) and the no pathological condition case (gray line). Figure [6](#jah33766-fig-0006){ref-type="fig"}B shows that the results are qualitatively similar when RV contractile dysfunction is present, although the RV dp/dt~max~ is reduced and lower values of CO~max‐exc~ are reached. These simulation results strongly suggest that the relatively small compromising effect of PR on exercise capacity is attributable to a diminishing PR fraction as HR increases with exercise intensity, while systolic RV function is maintained. In contrast, the virtual patients with dyssynchrony (Figure [6](#jah33766-fig-0006){ref-type="fig"}A, red and purple lines) show reduced RV dp/dt~max~ at rest in comparison with the no pathological condition and PR‐only simulations. Furthermore, increasing exercise level results in less increase in RV dp/dt~max~ in the virtual patients with dyssynchrony compared with the ones without, causing the difference in systolic RV function between the 2 to increase with exercise intensity. This effect was further exacerbated by the presence of RV contractile dysfunction, which severely reduces the increase in RV dp/dt~max~ when dyssynchrony is present (Figure [6](#jah33766-fig-0006){ref-type="fig"}B). Therefore, in contrast to the effects of PR alone, the limiting effect of RV dyssynchrony on RV contractility is large at all levels of exercise and worsens as exercise level increases.

![Valvular regurgitation (top) and global right ventricular (RV) contractility (bottom) as functions of exercise level in virtual patients with tetralogy of Fallot repair (rTOF) and normal (**A**) and decreased (**B**) contractile function of the RV and right atrial (RA) myocardium. The 4 representative virtual patients with rTOF are the same as in Figures [4](#jah33766-fig-0004){ref-type="fig"} and [5](#jah33766-fig-0005){ref-type="fig"}. Lines are plotted until maximal cardiac output during exercise (CO ~max‐exc~) is reached. The pathological consequences of pulmonary regurgitation (PR), as quantified by PR fraction, decrease with exercise level (top), whereas RV dyssynchrony reduces RV global contractility and this effect becomes more pronounced as exercise level increases. dp/dt~max~ indiicates maximal change in pressure over time.](JAH3-8-e010903-g006){#jah33766-fig-0006}

Discussion {#jah33766-sec-0032}
==========

In this unique exploratory study incorporating clinical observation and computer modeling, we compared the pathophysiological contributions and associations of RV volume loading from PR versus those of RBBB‐dyssynchrony on RV (dys)function and exercise capacity in patients after rTOF. The integrative modeling approach was instrumental in relating cardiac function to exercise capacity in a complex population with coexisting and incompletely characterized pathological conditions (ie, RBBB and PR). The mechanistic nature of this approach suggests that our results may have applicability beyond rTOF and that the relation between bundle‐branch block and exercise capacity in other patient populations merits further investigation.

The main result of this study is that dyssynchrony in patients with rTOF, reflected by the duration of the QRS complex, appears to be substantially more associated with reduced exercise capacity and RV systolic dysfunction compared with PR in these patients. Computer modeling leads us to hypothesize that the association of prolonged QRS in an RBBB pattern with reduced exercise capacity observed in the patients is a direct mechanistic consequence of RV dyssynchrony. Alleviation of RV volume loading by PVR is currently a central therapeutic goal of rTOF management; yet, although RV dyssynchrony is common in this population, cardiac resynchronization therapy is not commonly considered and is not a routine therapy. Thus, our results may have important implications for future investigations into the relative merits of cardiac resynchronization therapy and/or PVR for improving outcomes in patients with rTOF.

Effect of PR on RV Function and Exercise Capacity {#jah33766-sec-0033}
-------------------------------------------------

Previous studies have shown reduced RV function in rTOF, which is most commonly attributed to volume loading and RV remodeling from PR.[30](#jah33766-bib-0030){ref-type="ref"} Consequently, PVR has been recommended as the primary treatment for RV dilatation, remodeling, and/or dysfunction in this setting.[7](#jah33766-bib-0007){ref-type="ref"}

However, previous studies have shown varying results when investigating the relationship between reduction of PR through PVR and RV function. Our group recently found in a preoperative pediatric TOF cohort that RV end‐diastolic volumes correlated with RV myocardial strain and that those patients with larger preoperative RV volumes had lower RV strain postoperatively.[31](#jah33766-bib-0031){ref-type="ref"} We also found that after PVR, an increase in global RV strain beyond preoperative values may suggest positive RV remodeling and adaptation. These results differ from other studies in which 6 months after surgical PVR, strain did not improve.[31](#jah33766-bib-0031){ref-type="ref"}, [32](#jah33766-bib-0032){ref-type="ref"} Eyskens et al found a moderate correlation between the PR percentage and RV strain.[33](#jah33766-bib-0033){ref-type="ref"} In contrast, Frigiola et al found that RV strain was reduced to a similar degree regardless of the severity of PR.[30](#jah33766-bib-0030){ref-type="ref"} When evaluating global function, most studies have not found an improvement in RVEF after PVR,[9](#jah33766-bib-0009){ref-type="ref"} which is consistent with our current results that the severity of PR was not associated with RVEF. Although some studies have found improvement in exercise capacity after PVR, those patients had predominantly pressure‐loaded RVs and only mild PR.[34](#jah33766-bib-0034){ref-type="ref"} Our findings are consistent with empirical findings that PVR does not lead to improved global RV function or exercise capacity in the chronically volume‐loaded RV.[19](#jah33766-bib-0019){ref-type="ref"} Because RV dysfunction is a risk factor for death, our results are also consistent with studies in which alleviation of PR by PVR was not associated with a reduced rate of death or sustained VT.[9](#jah33766-bib-0009){ref-type="ref"}, [35](#jah33766-bib-0035){ref-type="ref"} In fact, one recent multicenter study suggested that there may even be a detrimental effect for inappropriate PVR in subjects not meeting consensus criteria for PVR.[35](#jah33766-bib-0035){ref-type="ref"} RV remodeling, beyond RV volume per se, likely determines RV function and response to PVR; and recent studies have suggested that RV end‐systolic volume, possibly representing systolic function, is associated with adverse outcomes.[35](#jah33766-bib-0035){ref-type="ref"} The question remains whether a more aggressive approach and early prevention of PR, before the development of irreversible RV remodeling and dysfunction, ultimately improves exercise tolerance and outcomes.[7](#jah33766-bib-0007){ref-type="ref"}

Effect of Dyssynchrony on RV Function and Exercise Capacity {#jah33766-sec-0034}
-----------------------------------------------------------

Electrophysiological markers have long been identified as risk factors for adverse outcomes in rTOF. In landmark studies, Gatzoulis et al identified a prolonged QRS duration as a major risk factor for sudden death in patients with rTOF, although the more recent INDICATOR (International Multicenter TOF Registry) cohort study failed to confirm this result.[2](#jah33766-bib-0002){ref-type="ref"}, [11](#jah33766-bib-0011){ref-type="ref"}, [36](#jah33766-bib-0036){ref-type="ref"} Although some studies have not found a link between RV dyssynchrony and clinical outcomes, they used relatively nonspecific markers of mechanical dispersion.[28](#jah33766-bib-0028){ref-type="ref"}, [37](#jah33766-bib-0037){ref-type="ref"}, [38](#jah33766-bib-0038){ref-type="ref"} Recently, QRS duration \>160 ms, in addition to RV volumes, has been found to predict adverse outcomes.[35](#jah33766-bib-0035){ref-type="ref"} We recently identified specific mechanical patterns of RBBB‐induced mechanical dyssynchrony associated with RV inefficiency and dysfunction[12](#jah33766-bib-0012){ref-type="ref"}; and others have subsequently shown that acutely resynchronizing the dyssynchronous subpulmonary RV can increase its function and mechanical efficiency.[13](#jah33766-bib-0013){ref-type="ref"} Moreover, we previously found that increased mechanical dyssynchrony, which is a consequence of RBBB‐induced QRS prolongation, correlates with decreased exercise capacity in rTOF,[39](#jah33766-bib-0039){ref-type="ref"} and that mechanical dyssynchrony worsens during exercise, possibly explaining reduced exercise capacity in this population through a negative feedback loop.[40](#jah33766-bib-0040){ref-type="ref"} Similarly, a large magnetic resonance study recently found increased mechanical delay, in association with prolonged QRS duration, that was associated with lower exercise peak VO~2~ and worse RV and LV global function.[41](#jah33766-bib-0041){ref-type="ref"} Those results are concordant with the results of the current study, in which we found that a longer QRS duration is associated with decreased RV global function and worse exercise tolerance, suggesting that narrowing the QRS via pacing may be an effective treatment to improve exercise capacity. Moreover, our modeling results suggest that, when RV contractility is reduced, critical thresholds that would correspond to severe exercise intolerance are reached much more quickly when QRS duration is prolonged. This finding suggests that the effect of a prolonged QRS on exercise capacity is particularly important when RV contractility is decreased. These simulations also suggest that underlying myocardial failure (ie, difference between A and B in Figure [4](#jah33766-fig-0004){ref-type="fig"}) may be an important confounder in the patient data. These simulations strongly suggest that interindividual differences in myocardial contractile strength/failure are one of the confounders that we do not measure/quantify in the patients and may therefore cause some of the variability in the patient heat plots for peak VO~2~.

The clinical translation of our findings may not be straightforward because at least one study found that RV pacing may not narrow the QRS complex, and consequently does not lead to hemodynamic improvement.[42](#jah33766-bib-0042){ref-type="ref"} However, the same group found, both in experimental models and in a few adults with rTOF, that cardiac resynchronization therapy via biventricular pacing improved RV and LV function by improving electromechanical dyssynchrony, as manifested by a reduced QRS duration and electrical mapping‐activation studies.[43](#jah33766-bib-0043){ref-type="ref"} In these animals and in patients, PR was left untreated. These results are consistent with our findings that QRS duration, more than PR fraction, is associated with RV dysfunction and consequently exercise intolerance. Moreover, a recent study has demonstrated that short‐term RV free wall pacing with fusion and native activation can both shorten the QRS complex and improve hemodynamic parameters in children with rTOF, at least within 24 hours of surgery.[44](#jah33766-bib-0044){ref-type="ref"}

Gatzoulis et al found that QRS duration was related to RV dilatation, and one study found a reduction in QRS duration after PVR.[36](#jah33766-bib-0036){ref-type="ref"} This is in contrast to our current results, stemming from both modeling and observational data. It is also in contrast to our prior studies in which QRS duration was not associated with RV size.[39](#jah33766-bib-0039){ref-type="ref"} The differences in results may relate to the different ages of the cohorts and differences in era and surgical management because we do not exclude the idea that in dilated and scarred ventricles, more common in older patients managed in previous years, distal conduction disease may progress and potentially contribute to progressive dyssynchrony.

Agreement Between Computer Modeling and Empirical Data {#jah33766-sec-0035}
------------------------------------------------------

Predictions afforded by modeling could not and cannot be entirely validated. Moreover, specifically in our study, the cross‐sectional retrospective observational design cannot validate the modeling results. Nonetheless, as an exploratory study, the clinical observations and empirical statistical associations were consistent with the predicted effects from computer modeling. Furthermore, the computer model allowed us to hypothesize a mechanistic explanation for our clinical findings. The combined approach of using computer modeling alongside clinical observations has been contributory in LV pathological conditions,[18](#jah33766-bib-0018){ref-type="ref"}, [28](#jah33766-bib-0028){ref-type="ref"} but is much less characterized for the RV.[17](#jah33766-bib-0017){ref-type="ref"} Our group has combined computer modeling with clinical observations to understand mechanisms of RV dysfunction and to assist with clinical decision making in other diseases.[45](#jah33766-bib-0045){ref-type="ref"}, [46](#jah33766-bib-0046){ref-type="ref"} As a future perspective, the combination of modeling with clinical data, such as imaging, may be useful to understand which patients with rTOF have mechanical dyssynchrony amenable to resynchronization and are, hence, most likely to benefit from electrical rather than, or possibly together with, hemodynamic therapy.[12](#jah33766-bib-0012){ref-type="ref"}, [17](#jah33766-bib-0017){ref-type="ref"}

Limitations {#jah33766-sec-0036}
-----------

In the clinical cohort, the range of PR was relatively narrow and the number of patients with severe PR was limited. This limits our ability to corroborate the computer modeling of severe PR. Likewise, by design, we excluded patients with moderate to severe RV outflow tract obstruction. Therefore, our results may not apply to patients with mixed pressure and volume loading, and this should be studied in the future. We could not evaluate the "hard" clinical outcomes of sustained ventricular tachycardia or death because these are uncommon in children and cannot be modeled in a computer model based on hemodynamics. Therefore, reduced exercise tolerance, the most prominent clinical outcome parameter in childhood and adolescence, was chosen as the independent clinical outcome. It would be pertinent to study regional wall motion abnormalities by echocardiography as the mechanical correlate of RBBB dyssynchrony that determines RV dysfunction and exercise capacity.[12](#jah33766-bib-0012){ref-type="ref"}, [40](#jah33766-bib-0040){ref-type="ref"} This will be the topic of future investigations, and in this initial study, we chose to focus on QRS duration because it is the primary, and most quantifiable and clinically applicable, parameter of RBBB dyssynchrony. In the future, it would also be interesting to further model effects of regional RV dysfunction on clinical outcomes.

Conclusion {#jah33766-sec-0037}
==========

In conclusion, in both patient data and computer simulations, RV dyssynchrony, more than PR, appears to be associated with reduced exercise capacity and RV systolic dysfunction in patients after rTOF. Computer modeling allowed us to hypothesize that this association between QRS prolongation and reduced exercise capacity may be causative. On the basis of previous literature and our current results, both PR and RV dyssynchrony appear to impact RV function and exercise tolerance; and the question in the individual patient is what is the balance between these factors. Our results suggest that in many cases, RV resynchronization might be helpful after rTOF. These results have important implications for future investigations and subsequently the management goals of this important population.
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**Data S1.** Supplemental methods.

**Figure S1.** Definitions used in the text for the simulation of valvular function. The pink area indicates the total volume of blood considered in the inertance of the valve.

**Figure S2. A**, A schematic diagram of the CircAdapt model, modified from Lumens et al *Ann Biomed Eng*. 2009;37:2234--55, with permission. Red has been used to highlight key parts of the model for this study referred to in the supplemental methods, being the pulmonary valve, pressure control in the aorta, and systemic venous return. **B**, A schematic of the ventricles in the synchronous case, with location in the model indicated by the blue arrow. Note that the LV is always synchronously activated in this study. **C**, The remaining nine activation patterns, with progressively increasing delay within the RV free wall. The colour bar indicates the magnitude of the delay in each segment. RV segments are activated at 0%, 25%, 50%, 75% and 100% of the latest RV activation time in each case.

**Figure S3.** Heart rate---LV cardiac output relationship used in this study (**A**). The corresponding stroke volume---cardiac output relationship is shown in (**B**). This relationship is based on linear interpolation of data recorded in healthy adults from WF Boron and EL Boulpaep, *Medical Physiology*, Elsevier Science 2003.

**Figure S4.** Exercise capacity (using 15 mm Hg as the pressure threshold) as function of right ventricular (RV) dyssynchrony and pulmonary regurgitation (PR) in the virtual rTOF patient cohorts with normal (**A**) and decreased (**B**) contractile function of the RV and right atrial (RA) myocardium. The upper panels show how CVP rises with CO during exercise in four representative virtual rTOF patients. Those virtual patients are marked by circles in the heat plots showing continuous effects of RV dyssynchrony and PR on exercise capacity. Simulated exercise capacity is defined as the virtual patient\'s cardiac output (CO~max‐exc~) associated with the exercise‐limiting central venous pressure (CVP) threshold. In general, RV dyssynchrony and contractile dysfunction are more limiting for exercise capacity than PR.

**Figure S5.** Exercise capacity (using 20 mm Hg as the pressure threshold) as function of right ventricular (RV) dyssynchrony and pulmonary regurgitation (PR) in the virtual rTOF patient cohorts with normal (**A**) and decreased (**B**) contractile function of the RV and right atrial (RA) myocardium. The upper panels show how CVP rises with CO during exercise in four representative virtual rTOF patients. Those virtual patients are marked by circles in the heat plots showing continuous effects of RV dyssynchrony and PR on exercise capacity. Simulated exercise capacity is defined as the virtual patient\'s cardiac output (CO~max‐exc~) associated with the exercise‐limiting central venous pressure (CVP) threshold. In general, RV dyssynchrony and contractile dysfunction are more limiting for exercise capacity than PR.

###### 

Click here for additional data file.

[^1]: Dr Fan, Dr Walmsley, and Dr Yim contributed equally to this work.
